Abstract
Introduction
A high performance of dynamic torque control is very important especially in traction and electric vehicle applications. Numerous technical papers had been proposed by researchers to facilitate vector-controlled induction machines to achieve excellent dynamic torque control utilizing dynamic overmodulation method. It is a common practice in high performance induction motor drive systems that the overmodulation mode is implemented using space vector modulation (SVM). Dynamic overmodulation operation was specifically discussed for vector control and direct torque control (DTC) drives in several papers [1] - [5] .
In the vector control drives utilizing SVM, it is possible to achieve a quick dynamic torque control utilizing inner current loop. Basically, the input modulator of SVM or voltage reference is approximated so that a larger torque producing current component is achieved to produce fast dynamic torque response. In fact, the proper current regulation is extremely important in field oriented control (FOC) system. This becomes problematic (i.e. unstable condition of a high bandwidth of current controller) as the motor currents will have lower order harmonics as it operates in overmodulation region [2] . The problem has been tackled using compensated current with PI current controller as proposed in [3] . In so doing, the scheme eliminates the use of filter which may decrease the bandwidth of current controller and dynamic performance as well.
Alternatively, the DTC-SVM method is much preferred solution since its control structure is simpler than FOC-SVM, due to the absence of the current controller, frame transformer and a position encoder. Habetler et al. DTC-SVM to achieve fast dynamic torque response [4] , [5] . However, the approximated voltage reference is not capable to exploit the overmodulation region until six-step operation. Hence, this scheme does not give the fastest torque control. Recently, Tripathi et al. proposed dynamic torque control in the overmodulation and field weakening region using DTC-SVM based on stator flux error control [6] . This scheme is able to achieve the fastest torque response in field weakening region with six-step mode. However the structure of the drive system is more complicated than the hysteresis-based structure DTC as proposed by Takahashi. In DTC-SVM, various methods have been proposed to compute the voltage reference; these include the use of proportional-integral current controller [3] , predictive and dead-beat controllers [4] [5] [6] . For instance, the voltage reference is computed using several complicated equations in real-time [4] [5] . Then, the voltage reference (u ref ) is adjusted (due to physical constraint) to create appropriate voltage reference which is the maximum possible voltage located on the hexagonal boundary. These consequently require major modifications which complicate the basic of DTC structure in [7] . This paper presents a straightforward dynamic overmodulation strategy which can be incorporated in basic of DTC structure (with decoupled of torque and flux control structure) in [7] and [9] . In order to overcome the major problem produced in [7] , the method in [9] is proposed to obtain constant switching frequency and torque ripple reduction as well. The operation of the dynamic overmodulation is similar with that proposed in [6] such that in selecting only single voltage vector to produce the largest tangential flux component to obtain the fastest torque response. However, [6] uses DTC-SVM utilizing predictive stator flux vector control which is complicated and moreover the computation to calculate precise stator flux vector used to define overmodulation mode is problematic. In the proposed dynamic overmodulation, the flux error status produced from the flux hysteresis comparator is modified before it is being fed to the look-up table. In such manner, a fast torque response can be achieved with six-step mode under dynamic operating condition. It will be shown that, the proposed dynamic overmodulation is also capable of producing a fast torque response in field weakening region with six-step operation.
Proposed Dynamic Overmodulation Method
Until now, no study of dynamic overmodulation in DTC-hysteresis based structure has been reported to achieve fast dynamic torque control. This paper present a very straightforward dynamic overmodulation utilized in DTC-constant switching frequency (CSF) controller. The DTC-CSF scheme offers constant switching frequency and hence reduced torque ripple by replacing the 3-level hysteresis torque comparator with a constant switching frequency torque controller as reported in [9] . Figure 1 shows the structure of proposed DTC-CSF with a modified flux error status block, which is responsible to perform the proposed dynamic overmodulation. Notice that with the proposed dynamic overmodulation, the simple structure of basic DTChysteresis-based is retained in DTC-CSF. 
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In the proposed dynamic overmodulation method, the dynamic condition is defined when the torque error exceeds 5% of rated torque. As the dynamic condition is encountered, the original stator flux error status, ψ + is modified based on information of flux position, θ ψ to produce the appropriate flux error status ψ -. In this way, the active voltage vector that produces the largest tangential flux component is switched and held on, to create the largest increase in load angle and hence rapid dynamic torque. The operation of the modification flux error status to perform the proposed dynamic overmodulation can be described as illustrated in flow chart in Figure 2 . It is obvious from the Figure 3 , that the two vectors will give different values of δ sr . To obtain the fastest torque response, the vector that gives the largest stator flux tangential component and hence the largest change in δ sr should be selected. It can be easily seen from the figure that, selecting u k+1 and u k+2 will ensure the fastest torque response is achieved when the stator flux is located in subsector I and subsector II respectively. The dynamic of the torque will not only depend on these voltage vectors but will also depend on the position of the stator flux at which the instant they are applied, and the speed of the rotor.
Research Method
The simulation of the DTC induction motor drive with the proposed overmodulation strategy was performed using MATLAB/Simulink simulation package. The DTC-CSF system and induction machine parameters used in the simulation are given as tabulated in Table 1 and Table 2 . The operation of proposed dynamic overmodulation to produce the fastest torque dynamic control in the DTC drive system was verified through MATLAB/Simulink simulations. The Simulink blocks of the DTC drive with the modification of flux error status block are shown in Figure 4 . The block of the control system can perform into the dual mode of switching operations by toggling the manual switch 1. When the manual switch 1 is switched to the position DTC2, it will pass through the torque error signal E Te to the block of modification of flux error status for detection of torque dynamic condition. When the manual switch 1 selects to the position DTC1, the block of the system will never change the flux error status since the error E Te is assumed always zero, thus, the DTC will operate as usual.
The block of modification of flux error status has two main functions, i.e. to detect flux sectors and to perform dynamic overmodulation. Some block components inside this block are depicted in Figure 5 . For convenience, the tasks of the blocks can be grouped into two areas as marked in the Figure 5 . The upper group area is responsible to determine the appropriate flux error status according to the flux sector and the threshold value of Ψ sq,2 . The bottom group area is assigned to determine the flux sector and the threshold values for each sector. The dynamic overmodulation mode is activated when a sudden large torque error detected by the relay block (as hysteresis comparator) requests the "switch2" (as selector) to select the appropriate flux error status (i.e. produced by the upper group area), otherwise, the "switch2" will select the original flux error status. In order to set up a step change of reference torque at a specific flux position, the direct and quadrature-axis flux components are measured with the threshold values for each position. For convenience, the evaluation of torque dynamic performance is considered only for flux positions in sector II. As depicted in Figure 6 , a step change of torque (i.e. from 1.5 Nm to 9 Nm) can be performed at two different flux positions by toggling the manual switch2. When the case1 is selected a step change of torque will occur as the flux at the middle of sector 2. If the case2 is chosen a step change of torque will occur as the flux is about to enter the Sector II (i.e. at the boundary of sector I and sector II). It should note that, the torque step change can only occur as the flux is confirmed to operate at the rated condition (to avoid the torque dynamic occurs during the flux build-up). This can be simply done using a step block where a step unit is applied to the switch block so that any change reference torque from the output of switch1 block is allowed to be selected by the switch block as the step block produces a signal 1. Figure 7 compares the output torque performances during dynamic condition when a step change of speed reference is applied. From the Figure 6 , it can be seen that a faster torque response is achieved in the DTC with the proposed dynamic overmodulation than that obtained in the DTC without dynamic overmodulation. The performances of stator flux and d-q current components (correspond to the results obtained in Figure 7 ) is shown in Figure 8 . Apparently, a sharp flux weakening is resulted during the dynamic condition in the proposed method. The sharp flux weakening occurs since the proposed algorithm selects only single active voltage vector during transient condition that produce the largest tangential flux component to achieve the fastest dynamic torque response.
Results and Analysis
The proposed dynamic overmodulation is capable in achieving fast dynamic torque response for a wide speed operation including the field-weakening region with six-step waveform. It can be shown that, a fast dynamic torque response is achieved since a phase stator voltage is suddenly changed from PWM to six-step operation when the dynamic condition is encountered as depicted in Figure 9 . Figure 10 illustrates the effect of stator flux position and rotor speed on the dynamic torque response with and without the proposed technique. In this case the dynamic torque condition is performed as a step change of speed is applied from ω 1 (initial speed) to 1.25 times higher than ω 1 where the trajectory of stator flux in counter-clockwise rotation reaches at either one, θ =0, π/12, π/6, 3π/12 or π/6 rad. Obviously, a poor dynamic torque performance may result when the dynamic condition occurs at high speed operation and/or the flux position is at around the middle of any flux sector. Through the proposed dynamic overmodulation, a faster dynamic torque response which is lesser rising time, ∆t rr can be achieved than that obtained in DTC without dynamic overmodulatrion. 
Conclusion
Through the proposed dynamic overmodulation method, a quick dynamic torque control can be achieved by selecting a voltage vector that produces the largest tangential flux component. The proposed method is capable of obtaining the fastest dynamic torque control for any operating conditions including the field weakening region with six-step mode. The proposed dynamic overmodulation resulted in a simple hysteresis-based structure as originally DTC. Only minor modification is needed and no SVM and hence voltage reference are required to be generated. Most of the main components of the basic DTC hysteresis-based structure are retained. 
